OBJECTIVE -In type 2 diabetic patients with poor metabolic control, kinetic studies have demonstrated that LDL fractional catabolic rate (FCR) is slowed down, whereas it is normalized on insulin therapy. This study was designed to analyze whether variations in the expression of LDL receptors at the cell surface could explain the results observed in kinetic studies.
C ardiovascular diseases are the most common complications observed in type 2 diabetes. The multiple abnormalities in lipoprotein metabolism frequently associated with this disorder play an important role in the premature development of atherosclerosis in type 2 diabetic patients (1) (2) (3) (4) .
This dyslipidemia is characterized both by quantitative abnormalities consisting in hypertriglyceridemia and decreased plasma HDL cholesterol level and by qualitative abnormalities, mainly small LDL size and triglyceride enrichment of every lipoprotein subclass. LDL cholesterol concentration is similar to that observed in nondiabetic subjects or slightly more elevated. Despite a quite normal concentration, the metabolism of LDL particles is modified in poorly controlled type 2 diabetic patients. Indeed, in several kinetic studies, LDL fractional catabolic rate (FCR) has been found to be significantly slowed down, regardless of whether patients are on oral antidiabetic therapy (5) (6) (7) . In parallel, LDL synthesis rate is normal or tends to be decreased, resulting in a normal or only moderately increased plasma LDL concentration.
Recently, we demonstrated that replacing oral antidiabetic treatment with insulin therapy corrected the abnormalities of LDL metabolism in type 2 diabetic patients, both by normalizing FCR and increasing synthetic rate (8) . Due to these two simultaneous changes, the concentration of circulating LDL particles remains constant.
The aim of this work was to get further insight into the mechanisms responsible for the changes in LDL FCR reported by kinetic studies in type 2 diabetic patients. It has been previously demonstrated that insulin upregulates the mRNA expression of LDL receptor and its expression at the surface of cultured cells (9 -11) . Because type 2 diabetes is characterized by a defect in insulin action, we decided to test the hypothesis that changes of LDL receptor expression underlie the variations of LDL FCR observed in type 2 diabetic patients both before and after the introduction of insulin treatment.
RESEARCH DESIGN AND METHODS -
The study population consisted of 21 type 2 diabetic patients who were admitted to the metabolic disease department of our hospital for the introduction of insulin treatment because of failure of oral antidiabetic therapy and 21 healthy normolipidemic subjects. Control subjects did not take any medication. At study entry, type 2 diabetic patients were treated with oral antidiabetic therapy (both sulfonylureas [15 3 and resuspended in 1 ml of the same solution. Blanks were processed in parallel with the samples and in the same manner, except that anti-LDL receptor antibody was replaced with PBS/1% BSA/ 0.1% NaN 3 . A calibration curve linking the intensity of fluorescence and the number of antigenic sites was established using QIFIKIT. SetUp and Calibration beads (50 l each) were washed as recommended by the manufacturer and incubated at 4°C for 30 min in the dark with 50 l goat FITC-labeled anti-mouse IgG diluted 1:50. Then, they were washed and suspended in PBS before flow cytometer analysis.
Measurements were performed on a GALAXY flow cytometer (Dako, Trappes, France). The monocyte population was selected in a forward-versus side-scatter window. For each sample, the FL1 chanel fluorescence (FITC) was recorded. Data were analyzed with FluoMax software (Dako). The fluorescence related to specific binding to LDL receptors was obtained by subtracting the mean fluorescence of the blank from the mean fluorescence of the sample. The number of antigenic sites per cell was calculated from the calibration curve derived from QIFIKIT beads. The coefficient of variation evaluating the repeatability of the assay was 5%.
Biochemical analysis
Plasma glucose concentrations were measured by an enzymatic method (glucose oxidase) on a Vitros 750 analyzer (Johnson & Johnson Clinical Diagnostics, Rochester, NY). HbA 1c was measured by ion-exchange high-performance liquid chromatography (Bio-Rad, Richmond, CA). Serum insulin concentrations were determined by radioimmunoassay (CIS Bio International, Gif sur Yvette, France). Total and HDL cholesterol and triglyceride concentrations were measured in a Cobas Integra analyzer (Roche, Basel, Switzerland) with dedicated reagents. LDL cholesterol concentrations were calculated using the Friedewald formula (12).
Statistical analysis
Results are expressed as means Ϯ SD. Statistical calculations were performed using the SPSS software package. Means in control and type 2 diabetic groups were compared using the Student's t test. Means in type 2 diabetic patients before and after insulin therapy were compared using the paired Student's t test. Correlation coefficients were calculated by the Spearman test. For type 2 diabetic patient subgroup analysis, the nonparametric MannWhitney U test was used. P values Ͻ0.05 were considered statistically significant.
RESULTS

Metabolic parameters
Clinical and glucose metabolism characteristics are presented in We wondered whether LDL receptor expression was parallel to glycemia in type 2 diabetic patients. To try to answer this question, we divided the type 2 diabetic group into two subgroups: patients with fasting glycemia before insulin treatment Ͻ12 mmol/l (n ϭ 10) and patients with fasting glycemia Ͼ12 mmol/l (n ϭ 11). Mean glycemia was 10.1 Ϯ 1.4 and 16.1 Ϯ 2.4 mmol/l (P Ͻ 0.001) in each subgroup, respectively. Before the introduction of insulin therapy, LDL receptor expression was comparable between these two subgroups (6,612 Ϯ 2,932 vs. 6,283 Ϯ 1,697). After 3 months of insulin therapy, LDL receptor expression was still comparable between these two subgroups (9,696 Ϯ 4,079 vs. 10,459 Ϯ 6,481). The difference of LDL receptor expression after insulin treatment with that before was similar in the two subgroups (3,084 Ϯ 4,313 vs. 4,176 Ϯ 7,219), whereas the difference of fasting glycemia after insulin treatment with that before was significantly lesser in patients with an initial fasting glycemia Ͻ12 mmol/l than in patients with an initial fasting glycemia Ͼ12 mmol/l (Ϫ0.83 Ϯ 4.05 vs. Ϫ5.13 Ϯ 3.60 mmol/l, P Ͻ 0.01).
CONCLUSIONS -This study was designed to test the hypothesis that changes in the expression of LDL receptors in type 2 diabetic patients before and after the introduction of insulin therapy could explain both the decrease of LDL FCR observed in poorly controlled type 2 diabetic subjects and its normalization in insulin-treated patients. By quantifying LDL receptor expression on blood mononuclear cells with a flow cytometry method, we demonstrated for the first time that LDL receptor expression is decreased in type 2 diabetic patients with a poor metabolic control on oral antidiabetic drugs compared with nondiabetic subjects and, moreover, that it is normal- Figure 1 (13, 14) . Moreover, the number of LDL receptors on mononuclear cells has been shown to be susceptible to the effect of well-recognized modulators of LDL receptor number such as saturated fatty acids and dietary cholesterol (14, 15) .
It is noteworthy that we performed LDL receptor measurements on freshly isolated mononuclear cells; therefore, our results are likely to reflect the in vivo situation.
Insulin upregulates both the mRNA expression of LDL receptor and its expression at the surface of cultured cells (9, 11) . Thus, the variations of the LDL receptor expression we observed both before and after the introduction of insulin therapy in poorly controlled type 2 diabetic patients are likely to be related to insulin and insulin action. We found that plasma insulin level was in a normal range in type 2 diabetic patients before insulin therapy. Nevertheless, type 2 diabetes is characterized by a resistance of peripheral tissues to the action of insulin, and a normal insulinemia in regard to elevated plasma glucose levels indicates a relative insulin deficiency (16) . Thus, the decreased expression of LDL receptors we observed in type 2 diabetic patients before the introduction of insulin therapy is likely to be explained by a relative insulin deficiency. This hypothesis is highly strengthened by the second part of our study.
The other major finding of our work is the normalization of the expression of LDL receptors at the mononuclear cell surface in type 2 diabetic patients treated by insulin for 3 months. To our knowledge, only one previous study (17) reported a positive effect of insulin therapy on LDL receptor expression in diabetic patients, but this work differed from ours on several points: only seven patients were recruited, the type of diabetes (type 1 or 2 diabetes) was not specified, and the effect of insulin was studied only in the short term (1 week after the introduction of insulin therapy). In the present study, the normalization of LDL receptor expression is probably directly linked to the administration of insulin, which tended to correct the relative insulin deficiency. At first glance, the lack of correlation between the amount of injected insulin and the difference of the expression of LDL receptors between the two quantifications might be surprising. In fact, insulin action depends on several factors and is not correlated with plasma insulin level, which explains the lack of correlation between either the dose of administrated insulin or plasma insulin level and their effect on the expression of LDL receptors (18, 19) .
Based on plasma concentration or urinary excretion of mevalonate, cholesterol synthesis has been demonstrated to be both increased in type 2 diabetic patients and normalized by intensive insulin treatment (20, 21) . Therefore, the decreased expression of LDL receptors in these patients might also be regarded as the consequence of an increased intracellular concentration of cholesterol, related to an enhanced cholesterol synthesis (22) . However, in cultured cells, insulin upregulates cholesterol synthesis (23) . In light of this observation, the elevated cholesterol synthesis demonstrated in type 2 diabetes, which is characterized by a relative insulin deficiency, cannot be interpreted as a primary event likely to induce a negative feedback on LDL receptor expression. Rather, the increased cholest e r o l s y n t h e s i s s e e m s t o b e t h e consequence of reduced LDL receptor expression in poorly controlled type 2 diabetic patients. The decrease of cholesterol synthesis in insulin-treated type 2 diabetic patients also seems to be the consequence of increased LDL receptor expression.
The increase in LDL receptor expression we observed in type 2 diabetic patients is, in the strict sense, the result of both removal of oral antidiabetic drugs and addition of insulin. It is highly unlikely that the 41% increase in LDL receptor expression 3 months after the introduction of insulin therapy in type 2 diabetic patients was due to removal of oral antidiabetic drugs. Indeed, sulfonylureas stimulate insulin secretion and metformin stimulates insulin sensitivity. If these two drugs had an effect on LDL receptor expression, they would increase LDL receptor expression. Moreover, in the present study, we think that the influence of antidiabetic drugs on LDL receptor expression is weak. Indeed, in our patients, the glycemic control was poor, indicating that antidiabetic drugs do not effectively improve metabolic disturbances in type 2 diabetes.
A very interesting finding of this work is that the variations of LDL receptors at the cell surface in type 2 diabetic patients parallel the fluctuations of LDL FCR we and others observed in in vivo kinetic studies. We recently demonstrated that LDL catabolism was slowed down by 25% on average in type 2 diabetic patients with poor metabolic control, whereas it was normalized after 3 months of insulin treatment (5, 8) . In this work, LDL receptor expression was diminished by 41% in poorly controlled patients, as well as normalized on insulin treatment. We wondered which responsibility could be assigned to the decrease of LDL receptors for the decrease of LDL catabolism in patients before insulin treatment. In heterezygous familial hypercholesterolemia, characterized by only 50% functional and efficient LDL receptors, LDL FCR has been demonstrated to be significantly slowed down (24, 25) . So, the hypothesis that a 41% decrease of the expression of LDL receptors in type 2 diabetic patients is highly implied in the decrease of LDL FCR seems to be relevant. In the same manner, the normalization of the expression of LDL receptors after the introduction of insulin therapy probably plays an important role in the normalization of LDL FCR in these patients.
In type 2 diabetic patients, LDLs are triglyceride rich and glycated, which is likely to decrease their affinity to the LDL receptor (26) . The correction of these abnormalities by insulin therapy may also contribute to the normalization of LDL FCR in insulin-treated type 2 diabetic patients, parallel to the increase of LDL receptor expression. However, the correction of LDL qualitative abnormalities by insulin therapy is far from being constant in these patients (27, 28) . It is noteworthy that in our group of type 2 diabetic patients, we observed no significant change of the triglyceride-to-apoB, cholesteryl ester-to-apoB, and triglyceride-tocholesteryl ester ratios and of LDL glycation 3 months after the introduction of insulin therapy (data not shown).
Another apparently intriguing result is the lack of decrease in plasma LDL cholesterol concentration in insulin-treated patients, whereas LDL receptor expression is increased, suggesting that LDL clearance rate is probably also increased. In fact, the in vivo kinetic study we recently performed showed that 3 months after the introduction of insulin therapy in patients with poor metabolic control, the increase in LDL FCR was accompanied by an increase in LDL synthetic rate, explaining why LDL concentration can be unchanged after the introduction of insulin therapy despite an increase in FCR.
In conclusion, we demonstrate that despite oral antidiabetic treatment, LDL receptor expression is decreased in type 2 diabetic patients with a poor metabolic control compared with nondiabetic subjects and that it is normalized after 3 months of insulin therapy. This study therefore favors an important in vivo role of insulin in the expression of LDL receptors. Moreover, the number of LDL receptors at the cell surface evolves in the same way as LDL FCR in type 2 diabetes, suggesting that a low LDL receptor expression may play an important role in the decrease of LDL FCR observed in type 2 diabetic patients with poor metabolic control, whereas the normalization of this expression may contribute to the normalization of LDL FCR in insulin-treated patients.
